Double-diffusive convection in porous media is a common phenomenon in nature, and has received considerable attention in a wide variety of engineering applications. In this paper, a multiple-relaxation-time (MRT) lattice Boltzmann (LB) model is developed for simulating double-diffusive convection in porous media at the representative elementary volume scale. The MRT-LB model is constructed in the framework of the triple-distribution-function approach: the velocity field, the temperature and concentration fields are solved separately by three different MRT-LB equations. The present model has two distinctive features. First, the equilibrium moments of the temperature and concentration distributions have been modified, which makes the effective thermal diffusivity and heat capacity ratio as well as the effective mass diffusivity and porosity decoupled. This feature is very useful in practical applications. Second, source terms have been added into the MRT-LB equations of the temperature and concentration fields so as to recover the macroscopic temperature and concentration equations. Numerical tests demonstrate that the present model can serve as an accurate and efficient numerical method for simulating double-diffusive convection in porous media.
Introduction
Double-diffusive convection (also called the thermosolutal convection) in fluid-saturated porous media has attracted a great deal of attention because it is a common phenomenon in nature, and it is also frequently encountered in a wide variety of engineering applications, such as geophysical systems, drying processes, geophysical systems, the migration of moisture contained in fibrous insulation, the transport of contaminants in groundwater, the underground disposal of nuclear wastes and so on [1] [2] [3] [4] [5] [6] [7] .
Over the last several decades, double-diffusive convection in porous media has been studied numerically by many researchers. Conventional numerical methods, such as the finite-element method (FEM) [1, 2] , the finite-volume method (FVM) [3, 4] , and the finite-difference method (FDM) [5] , have been employed to study double-diffusive convection problems in porous media. Comprehensive reviews of the subject have been given by Ingham and Pop [6] , and Nield and Bejan [7] . The above mentioned studies [1] [2] [3] [4] [5] were carried out using conventional numerical methods based on the discretization of the macroscopic continuum equations. In order to get a thorough understanding of the underlying mechanisms, more fundamental approaches should be developed for studying double-diffusive convection in porous media systems.
The lattice Boltzmann (LB) method, as a mesoscopic numerical technique originated from the lattice-gas automata (LGA) method [8] , has achieved great success in simulating complex fluid flows and modeling complex physics in fluids [9] [10] [11] [12] [13] [14] [15] [16] . Unlike the conventional numerical methods, which are based on the discretization of macroscopic continuum equations, the LB method simulates fluid flows by tracking the evolution of the single-particle distribution function based on the mesoscopic kinetic equation. Owing to its kinetic background, the LB method exhibits some attractive advantages over the convectional numerical methods [17] : (i) non-linearity (collision process) is completely local and non-locality (streaming process) is completely linear, whereas the transport term  uu in the Navier-Stokes (N-S) equations is non-linear and non-local at a time; (ii) the pressure of the LB method is simply calculated by an equation of state, while in convectional numerical methods it is usually necessary and costly to solve a Poisson equation for the pressure field of the incompressible N-S equations; (iii) complex boundary conditions can be easily formulated in terms of elementary mechanical rules; (iv) nearly ideal for parallel computing with very low communication/computation ratio.
The LB method has also been successfully applied to study double-diffusive convection problems.
In 2002, Guo et al. [18] proposed an LB model for double-diffusive natural convection system. Guo et al.'s model was constructed in the framework of the triple-distribution-function (TDF) approach, and it can predict the flow and heat/mass transfer characteristics correctly. Later, Lu and Zhan [19] investigated the three-dimensional thermosolutal convection flow in a cubic cavity. The limitations of the LB method in simulating double-diffusive convection were discussed. Verhaeghe et al. [20] have presented an LB method to study double-diffusive natural convection phenomena induced by temperature and concentration gradients in a multicomponent fluid in two and three dimensions. In their method, the temperature field was solved by a finite-difference scheme. In the literature [21] , Yu et al. proposed an LB model to study double-diffusive natural convection in a horizontal shallow cavity.
In their study, the Dufour and Soret effects on the heat and mass transfer processes have been considered by modifying the equilibrium distribution functions of the temperature and concentration, respectively. Mohamad et al. [22] have studied double-diffusive natural convection in an open-ended cavity for a wide range of characteristic parameters. The physics of double-diffusive natural convection due to temperature and concentration buoyancy forces were explored and discussed with opposite temperature and concentration gradients. In addition, Nazari et al. [23] have simulated double-diffusive convection in a square cavity in the presence of a hot square obstacle. The results showed that the Nusselt and Sherwood numbers increase with the increase of the Rayleigh number and aspect ratio.
Moreover, Zhao et al. [24] investigated the double-diffusive convection in a square cavity filled with a porous medium at the pore scale. In Zhao et al.'s study, the Dufour and Soret effects on the heat and mass transfer processes were considered by adding additional source terms into the LB equations of the temperature and concentration fields, respectively. Later, Xu et al. [25] porosity into the equilibrium concentration distribution, it can work well not only for uniform porous media but also for non-uniform porous media.
Up to now, although some progress has been made in studying double-diffusive convection in fluid-saturated porous media at the REV scale, some drawbacks of the LB method are apparent. For instance, the effective thermal diffusivity and heat capacity ratio as well as the effective mass diffusivity and porosity is coupled. The artificial couplings may do harm to the accuracy and numerical stability of the LB method. Therefore, the objective of this work is to propose an LB model for simulating double-diffusive convection in porous media, in which the above-mentioned drawback will be overcome. Considering that the multiple-relaxation-time (MRT) collision model [27, 28] is superior to its Bhatnagar-Gross-Krook (BGK) counterpart [29] in terms of accuracy and numerical stability, the MRT collision model is employed in this work.
The rest of this paper is organized as follows. The macroscopic governing equations for double-diffusive convection in porous media at the REV scale are briefly described in Section 2.
Section 3 presents the MRT-LB model for double-diffusive convection in porous media in detail. In Section 4, numerical simulations are carried out to demonstrate the accuracy and reliability of the MRT-LB model. Finally, some conclusions are given in Section 5.
Macroscopic governing equations
Based on the generalized non-Darcy model [30] [31] [32] , the macroscopic governing equations for double-diffusive convection in porous media at the REV scale can be written as follows [1] [2] [3] 7] :
where u , p , T and C are the volume-averaged velocity, pressure, temperature and concentration, 
where p d is the solid particle diameter (or mean pore diameter).
The system governed by Eqs. (1)- (4) 
MRT-LB model for double-diffusive convection in porous media
The MRT method [27, 28] is an important extension of the relaxation LB method developed by space, while the streaming process of the LB equation is carried out in velocity space. By using the MRT collision model, the relaxation times of the hydrodynamic and non-hydrodynamic moments can be separated. The MRT method has become more and more popular since a detailed theoretical analysis was made by Lallemand and Luo [28] in 2000. In what follows, an MRT-LB model for double-diffusive convection in porous media at the REV scale will be presented. The model is constructed in the framework of the TDF approach: the velocity field, the temperature and concentration fields are solved separately by three different MRT-LB equations.
MRT-LB equation for the velocity field
For the velocity field, the two-dimensional nine-velocity (D2Q9) lattice is employed. The nine
where
For the D2Q9 model, the nine moments corresponding to the discrete velocities are , , , , 
is the flow momentum. With the ordering of the moments specified as the above, the transformation matrix Μ can be explicitly given by [28] 1 1
The equilibrium moment vector eq m corresponding to m is defined as [41]   (14) and (15).
The macroscopic density  and velocity u are given by
The macroscopic pressure p is defined by According to Ref. [34] , the macroscopic velocity can be calculated explicitly by
The equilibrium distribution function eq i f in velocity space is given by ( 1 1 
where 0 49  w , 1~4 19 w  , and 5~8 1 36 w  .
MRT-LB equations for the temperature and concentration fields
For double-diffusive convection in porous media, the temperature and concentration fields governed by Eqs. (3) and (4) 
,, 2
respectively, where the bold-face symbols (
n , T S , and C S ) denote five-dimensional column vectors of moments, e.g.,
  
Note that N is an orthogonal transformation matrix. The non-orthogonal transformation matrix [44, 45] can also be employed in the present study. The equilibrium moment vectors eq g n and eq h n are chosen as follows
The macroscopic temperature and concentration can be obtained via In order to recover the macroscopic equations (3) and (4), according to Refs. [46] [47] [48] , the source terms can be chosen as   04 ,, Through the Chapman-Enskog analysis of the MRT-LB equations (21) and (22), the macroscopic temperature and concentration equations (3) and (4) can be correctly recovered. Without the source terms, there must exist unwanted terms (
in the macroscopic equations. In simulations, the explicit difference scheme can be used to compute the time derivative terms (e.g., 
respectively. 
respectively.
In the thermal LB models (the temperature field is governed by Eq. (3)) [41, 45, 49] , the effective thermal diffusivity e  depends on the heat capacity ratio  . Usually, following the line of Guo and Zhao's model [49] , the equilibrium moments of the temperature-based and concentration-based MRT-LB models can be defined as
The equilibria 
Obviously, for the temperature and concentration fields governed by Eqs. (3) and (4) [50] , and therefore the heat capacity ratio  and porosity  should be incorporated into the equilibrium moments of the temperature and concentration distributions. However, the dependence of effective thermal diffusivity on heat capacity ratio as well as the dependence of effective mass diffusivity on porosity (see Eq. (32)) is not necessary. As shown in Eqs. (24), (25) and (29), by modifying the equilibrium moments appropriately, the artificial coupling between the effective thermal diffusivity and heat capacity ratio as well as the artificial coupling between the effective mass diffusivity and porosity has been avoided.
Boundary condition treatments
In what follows, the boundary condition treatments are briefly introduced. For velocity and temperature/concentration boundary conditions, the non-equilibrium extrapolation scheme [51] 
where 
respectively. When the temperature gradient (or heat flux) and concentration gradient (or mass flux) at the boundary node b x are known, the temperature and concentration at the boundary node b x can be approximated by the following extrapolation scheme 
Numerical simulations
In this section, numerical simulations of several 2D benchmark problems are performed to demonstrate the accuracy and reliability of the MRT-LB model proposed in Section 3. In simulations, 
Double-diffusive convection in a rectangular enclosure without porous media
When 1
  and
Da tends to infinity, the present MRT-LB model reduces to an MRT-LB model for double-diffusive convection in the absence of a porous medium. In this subsection, the present model is used to simulate the double-diffusive convection flow in a rectangular enclosure without a porous medium (see Fig. 1 ). The height and width of the rectangular enclosure are H and 
where Fig. 2 . These plots are in good agreement with those reported in Refs. [52, 53] . In Table 1 . Obviously, the present numerical results agree well with the results reported in previous studies [53, 54] . 
Biot number, and . As discussed in Section 3.2, with the given parameters, the temperature and concentration fields should be identical at the steady state. As shown in Table 3 , the minimum values of the temperature and concentration as well as the average Nusselt and Sherwood numbers predicted by the present model are identical, while differences exist between the corresponding results predicted by model-A. Here, "model-A" denotes the equlibria and effective diffusivities are given by Eqs. (30)- (32) . Indeed, the artificial couplings (see Eq. (32)) affect the accuracy of the LB method and should be avoided in simulations. 
Double-diffusive mixed convection in a lid-driven porous cavity
In this subsection, the present MRT-LB model is employed to simulate the double-diffusive mixed convection flow in a lid-driven cavity filled with porous media, which has been studied by Khanafer In simulations, unless otherwise specified, we set To quantify the results, the velocity and temperature profiles along the horizontal line crossing the center of the cavity are compared with the results of Ref. [3] in Fig. 11 . It can be observed that the solutions of the present MRT-LB model are in good agreement with the numerical results in Ref. [3] .
Moreover, the average Nusselt number Nu and average Sherwood number Sh at the bottom wall of the cavity for different values of N are measured and listed in Table 4 . The numerical results in Ref.
[3] are also included in Table 4 for comparison. Obviously, the present numerical results are in excellent agreement with those reported in the literature. 
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, and =1 Le ). As shown in Table 5 , the average Nusselt and Sherwood numbers predicted by the present model are identical, while the results predicted by model-A are not identical. Theoretically, the average Nusselt and Sherwood numbers should be identical at the steady state. In summary, the present model is more suitable for simulating Double-diffusive convection in porous media at the REV scale. 
Conclusions
In this paper, an MRT-LB model for simulating double-diffusive convection in porous media at the REV scale is developed in the framework of the TDF approach. In the model, the artificial coupling between the effective thermal diffusivity and heat capacity ratio as well as the artificial coupling between the effective mass diffusivity and porosity has been avoided, which is very useful in practical 
